ABSTRACT: A pilot prospective, interventional study has been conducted on 10 patients with diabetic macular edema (DME) treated with subthreshold micropulse laser (SMPL) to evaluate changes of individual retinal layers and to correlate with functional changes. All patients underwent complete ophthalmologic evaluation including spectraldomain optical coherence tomography (OCT) and microperimetry at baseline, 3 months, 6 months, 9 months, and 12 months. Compared with baseline, a significant decrease was found in inner nuclear layer (INL) and outer retinal layer (ORL) thickness in the central 1 mm (P < .05). Increase in bestcorrected visual acuity was significantly and inversely correlated to central retinal thickness (CRT) (P = .0027), INL (P = .0167), and outer nuclear layer (ONL) thickness (P = .0107). Increase in retinal sensitivity was significantly and inversely correlated to CRT and ONL thickness (P < .01). Therefore, SMPL showed to improve firstly functional parameters and then morphologic parameters. Functional parameters were inversely correlated to CRT, INL, and ONL thickness. The exact mechanism of reduction of INL thickness induced by SMPL remains to be further evaluated.
INTRODUCTION
Diabetic macular edema (DME) represents the first cause of legal blindness among diabetic patients. 1, 2 The pathophysiology of DME is considered multifactorial. Breakdown of the inner and outer blood retinal barrier, alteration of the neurovascular unit in the retina, and chronic inflammation all play an important role in DME development. 3 Recent data from a large, multicenter clinical trial show that inner nuclear layer (INL), outer plexiform layer (OPL), and outer nuclear layer (ONL) are sites of increased retinal thickness in patients with DME in type 2 diabetes mellitus. 4 Retinal pigment epithelium (RPE) is a constituent of the outer retinal barrier, and an early impairment in all RPE functions has been previously reported in patients with diabetes. [5] [6] [7] [8] Subthreshold micropulse laser (SMPL) has been recently proposed in DME. The mechanism of action of SMPL is to selectively stimulate RPE cells, avoiding any clinically visible damage to the inner or outer retina. [9] [10] [11] [12] [13] [14] [15] [16] A recent meta-analysis of randomized controlled trials on the use of SMPL has confirmed that SMPL is as effective as conventional laser in the absorption of edema, but SMPL has superior visual acuity (VA) outcomes. 17 Moreover, SMPL preserves or increases retinal sensitivity as determined with microperimetry, whereas conventional laser reduces retinal sensitivity. 13 From University Hospital Maggiore della Carità, Novara, Italy (SV); IRCCS-Fondazione Bietti, Rome (LF, EM); and the Department of Ophthalmology, University of Padova, Padova, Italy (FM, SB, EC, FC, EM).
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The aim of this study was to evaluate modification of specific retinal layers in patients with DME treated with SMPL and to correlate these modifications with functional changes determined with microperimetry and VA during a 1-year follow-up.
PATIENTS AND METHODS

Patients
This was a pilot prospective, interventional study (EudraCT registration number: 2014-003660-20). All patients were enrolled and followed at the Diabetic Retinopathy Clinic from 2014 to 2016. The study was conducted in accordance with the tenets of the Declaration of Helsinki. A written consent form was obtained from all the patients, as well as the approval from our institutional ethics committee. The inclusion criteria were type 1 or type 2 diabetes mellitus (DM) and HbA1c of 10% or less, previously untreated center-involving macular edema with central retinal thickness of 400 µm or less (mild center-involving DME) confirmed with spectral-domain optical coherence tomography (SD-OCT), and best-corrected visual acuity (BCVA) of at least 35 letters on Early Treatment Diabetic Retinopathy Study (ETDRS) chart (logarithm of the minimum angle of resolution [logMAR] 1.0, Snellen 20/200). The exclusion criteria were proliferative diabetic retinopathy (DR), any type of previous macular treatment, refractive error of 6 diopter or greater, previous diagnosis of glaucoma or ocular hypertension, any other retinal disease besides DR, any intraocular surgery at least 6 months before treatment, ischemic or tractional maculopathy, and any significant media opacities precluding fundus examination or imaging. Only one eye was included and treated.
All eyes underwent a complete ophthalmologic evaluation including BCVA determination, slit-lamp biomicroscopy, SD-OCT, fundus autofluorescence (FAF), and microperimetry (MP) at baseline and 3 months, 6 months, 9 months and 12 months followup. Fundus fluorescein angiography (FA) was performed at baseline and at 12 months.
Imaging
SD-OCT was performed using Spectralis (Spectralis HRA+OCT; Heidelberg Engineering, Heidelberg, Germany). En face macula map scan pattern was used, with a 20° × 20° (5.90 × 5.90 mm) scan area centered onto the fovea. Ninety-seven horizontal scans 60 µm apart were obtained, allowing for highresolution images. For each follow-up examination the follow-up modality was used, enabling to repeat the exam to a baseline reference examination.
SD-OCT Segmentation and Measurement: For each SD-OCT linear B-scan of the en face map, an automatic algorithm individualizes seven different retinal layers: nerve fiber layer (NFL), ganglion cell layer (GCL), inner plexiform layer (IPL), INL, OPL, Henle's fiber layer plus ONL (Henle's plus ONL), and outer retinal layers (ORL: external limiting membrane plus myoid zone of the photoreceptors plus ellipsoid zone of the photoreceptors plus outer segments of the photoreceptors plus cone interdigitation with RPE and RPE/Bruch's membrane complex) 18 ( Figure) . After automated segmentation, each scan was checked for the presence of segmentation errors, and in that case a manual correction was performed. Retinal thickness was automatically calculated in nine ETDRS areas (consisting in a central circular zone with a 1 mm diameter and inner and outer rings of 3 mm and 6 mm diameter, respectively). Mean total retinal thickness and mean thickness of INL, Henle's plus ONL, and ORL layers were recorded. Retinal volume data in the macula (total retinal volume and single retinal layer volume) was also recorded. On each linear B-scan, changes in the integrity and reflectivity of the external limiting membrane (ELM) and of the other ORL were also evaluated.
FAF: FAF and FA were recorded by a certified photographer with a confocal scanning laser ophthalmoscope (Heidelberg Retinal Angiograph, HRA2; Heidelberg Engineering, Heidelberg, Germany). To measure the extension of the areas of increased FAF, a circular area was manually outlined using the image analysis software (Heidelberg Eye Explorer HEYEX; Heidelberg Engineering, Heidelberg, Germany). 19 Using this tool, pixel area is automatically converted into square millimeters.
FA: FA images were evaluated for capillary loss, neovascularization, and presence of laser scars after treatment. 
SD = standard deviation; INL = inner nuclear layer thickness; ONL = Henle's fiber layer plus outer nuclear layer thickness; ORL = outer retinal layer thickness (external limiting membrane + myoid zone of the photoreceptors + ellipsoid zone of the photoreceptors + outer segments of the photoreceptors + cone interdigitation with RPE + RPE/Bruch's membrane complex); NFL = nerve fiber layer; GCL = ganglion cell layer; IPL = inner plexiform layer; OPL = outer plexiform layer; OCT = optical coherence tomography
Functional Evaluation Visual Acuity
Distance BCVA for each eye was measured by a certified tester using standard ETDRS protocol at 4 m distance with a modified ETDRS distance chart illuminator (Precise Vision, Bloomington, IL). BCVA was scored as the total number of letters read correctly (ETDRS score) and expressed also in logMAR.
Microperimetry
MP was performed on all subjects using the MAIA-2 microperimeter (CenterVue, Padova, Italy). Mean retinal sensitivity (RS) in the central area of 10° (37 tested points) was evaluated as well as fixation stability (the bivariate contour ellipse area [BCEA]) and site. BCEA analysis reflects the standard deviation (SD) of the horizontal and vertical eye movements during fixation. Smaller BCEA means more stable fixation than larger BCEA. 20 
Treatment Protocol
Macular laser treatment was performed after pupillary dilation and topical anesthesia. The lens used for the treatment was the Mainster Focal / Grid (Ocular Instruments, Bellevue, WA), with magnification of 1.05 times. SMPL treatment protocol was performed with a 577-nm yellow light (Iridex IQ 577 Laser System; Iridex Corp., Mountain View, CA), 5% duty cycle of 0.2 seconds, 250 mW power, and number of spots varying according to the extension of DME. Spots were delivered in a multiple and fully confluent fashion (high-density treatment) over all the areas of increased retinal thickness.
14 If needed, retreatment was performed according to the same protocol. Three months after any laser session, retreatment was considered if there was central subfield OCT macular thickness of 300 µm or greater, reduction of a subfield OCT macular thickening to less than 50% from baseline, or BCVA decrease of 5 letters or more on the ETDRS chart.
Statistics
To summarize the study parameters (age, duration of diabetes, systemic pressure, HbA1c, spherical equivalent of refraction) the usual methods of descriptive statistics (mean and standard deviation) were used.
Statistically significant variation of the evaluated parameters between baseline and follow-ups were tested using Wilcoxon signed-rank test.
Correlation between BCVA, RS, BCEA and morphologic parameters was performed by multiple linear regression model, adjusted for repeated measures over time.
For all analyses, a P value of .05 was considered statistically significant.
Moreover, we have applied the Bonferroni correction to the longitudinal evaluations of both functional and morphological parameters, considering four changes in time (baseline to 3 months; baseline to 6 months; baseline to 9 months; baseline to 12 months). All analyses were performed using SAS software SAS v. 9.3 (SAS, Cary, NC). 
BCVA = best-corrected visual acuity (number of letters); RS = retinal sensitivity (decibel); BCEA = fixation area (63% and 95% of fixation points); FAF = area of fundus autofluorescence; INL= inner nuclear layer; ONL = Henle's fiber layer plus outer nuclear layer; ORL= outer retinal layer (external limiting membrane + myeloid zone of the photoreceptors + ellipsoid zone of the photoreceptors + outer segments of the photoreceptors + cone interdigitation with RPE + RPE/Bruch's membrane complex); NFL= nerve fiber layer; GCL= ganglion cell layer; IPL= inner plexiform layer; OPL= outer plexiform layer; OCT = optical coherence tomography
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Demographic Data and Characteristics of the Patients
Ten patients with diabetes mellitus type 2 (eight men and two women) with nonproliferative DR were enrolled. Mean age of patients was 61 years ± 7.81 years, and mean duration of diabetes was 14.72 years ± 10.70 years. At baseline, mean HbA1c was 7% ± 2.73%, mean arterial systolic pressure was 132 mm Hg ± 9.21 mm Hg, and mean diastolic pressure was 78 mm Hg ± 5.92 mm Hg. HbA1c and systemic pressure remained stable for the entire follow-up period. All eyes were affected by diffuse DME. The mean number of laser spots for each treatment was 359.62 ± 102.21 at the first treatment (10 eyes), 374.84 months ± 168.94 at 3 months (10 eyes), 462.82 ± 238.70 at 6 months (nine eyes), and 469.91 ± 138 at 9 months (10 eyes).
Morphologic Outcomes
Retinal Thickness Modifications: Table 1 shows changes in retinal thickness and volume (in various layers) over 1-year follow-up. At baseline, mean central retinal thickness (CRT, in the 1 mm) was 360.10 µm ± 34.70 µm. A significant decrease in the 1 central mm was found in CRT (-23 µm ± 36.87 µm, P = .048) and INL thickness (-9.56 µm ± 13.04 µm, P = .012) at 12 months and ORL thickness (-2.20 µm ± 1.87 µm, P = .016) at 9 months. After Bonferroni correction, significance was retained only for INL and ORL thickness (Table 1) . No significant changes were found in any retinal layer thickness in any of the sectors in the 3 central mm or 6 central mm.
Retinal Volume Modifications: Total retinal volume was 9.37 ± 0.52 mm 3 at baseline. No significant changes were found after Bonferroni correction (Table 1) .
FAF Changes: There was a decrease in the area of increased foveal autofluorescence at 12 months versus baseline value (0.081 ± 0.082 mm 2 vs. 0.165 ± 0.113 mm 2 , decrease of 0.09 ± 0.153 mm 2 , P = .039). No visible secondary effects of the laser spots on the retina were observed on fundus examination, FAF, or FA at follow-up. No changes in the integrity of the ELM and other ORL were found in any patient.
Functional Outcomes
Visual Acuity: Table 2 shows visual function modifications during the follow-up. At baseline, mean BCVA was 77.40 ± 10.06 ETDRS score. There was an increase in 2.90 letters ± 3.98 letters (P = .047) at 3 months, 5.30 letters ± 8.49 letters (P = .047) at 9 months, and 5.56 letters ± 9.11 letters (P = .086) at 12 months.
Microperimetry:
At baseline, mean 10° central RS was 25.9 dB ± 1.99 dB. After treatment, there was a significant increase in RS at 6 months, +0.78 dB ± 0.82 dB, P = .008. The increase did not reach statistical significance at other follow-up time points. All eyes had central and stable fixation. No changes after SMPL treatment were found in fixation stability.
Association Between Functional and Morphologic Parameters: BCVA was significantly and inversely correlated to CRT (P = .0027), INL thickness (P = .0167), and Henle's plus ONL thickness in the central 1 mm (P = .0107) ( Table 3) . RS was significantly and inversely correlated to CRT (P = .0036) and Henle's plus ONL thickness in the central 1 mm (P = .0083). BCEA (both 63% and 95%) was significantly and directly associated with CRT (P = .0373 for BCEA 63%; P = .0357 for BCEA 95%) and INL thickness (P = .0344 for BCEA 63%; P = .0347 for BCEA 95%) in the central 1 mm (Table 3) .
DISCUSSION
In this study, we have evaluated in detail, for the first time, changes in specific retinal layer thickness in eyes with DME treated with SMPL in the central 1 mm, 3 mm, and 6 mm of the macula ETDRS map. INL thickness in the 1 central mm significantly decreased at 12 months follow-up, whereas ORL thickness significantly decreased at 9 months follow-up in the 1 central mm. No changes in any retinal layer thickness were recorded at earlier follow-up visits. As previously reported in prospective, randomized studies evaluating SMPL for DME, a decrease in CRT considering all layers was also found in this study, even if not maintaining significance (P = .048) after Bonferroni correction. 13, 14 No data are currently available on the effect of SMPL on specific retinal layer thickness.
In the present study, visual function changes were recorded as from the third month of follow-up: an increase in visual acuity (at 3 months and 9 months) and an increase in RS at 6 months after the SMPL treatment. An early increase in visual function as from the third month after SMPL treatment in DME had already been reported. 14, 16 Lavinsky et al. reported a significant increase in BCVA as from the third month after high-density SMPL.
14 Vujosevic et al., reported a significant increase in central RS as from the third month of follow-up after SMPL treatment. 16 Therefore, data from the present study may indicate that SMPL treatment induces visual function changes precociously then morphologic changes. Therefore, OCT evaluation in these patients may have a limited value in the early period after the treatment, as retinal thickness decrease should be expected after approximately 1 year from the first SMPL treatment. This finding would merit further studies in order to be fully confirmed.
In a recent study evaluating patients with subclinical and clinically relevant DME, an increase in thickness of all retinal layers (except the ORL, IS+OS, and RPE) was documented when compared with eyes without DME. 4 Moreover, a major increase in retinal thickness in the INL in the 1 central mm was reported. 4 These data may confirm hypotheses on multifactorial pathogenesis of DME: involvement of both glial and vascular components. 3, 4 Müller cell (the most important macroglial cells in the retina) involvement with increased INL thickness, even in diabetic eyes without clinical signs of diabetic retinopathy, has been previously reported. 21 Moreover, experimental studies showed the increase of GFAP, AQP4, and specific cytokines in the aqueous humor of diabetic human eyes even without signs of DR or at early stages of DR as a sign of retinal glial cells activation. 22, 23 On the other hand, an alteration of the blood-retinal barrier in the deep retinal vascular plexus with extracellular fluid accumulation was suggested as the possible cause of retinal edema in early stages of nonproliferative DR in patients with diabetes type 2. 4 Several studies have shown that RPE plays an important role in DME pathogenesis. [5] [6] [7] [8] RPE is a constituent of the outer retinal barrier and has many functions including regulation of the transport of ions, nutrients, oxygen, and water between retina and choroid, and secretion of many factors important for the homeostasis, integrity, and survival of all retinal elements. [5] [6] [7] [8] Thus, treatment theoretically targeting RPE may have a beneficial effect on resolution of DME. 9, 10 In the present study, SMPL reduces retinal thickness more in the INL than in the Henle's plus ONL. This may indicate that SMPL also has an effect on the function of INL resident cells. Whether this is a direct effect on Müller cells or indirect (through stimulation of RPE inducing specific physiologic changes in cytokine expression and growth factors secretion, which ultimately affect Müller cells, as reported in experimental studies in vitro or in animals) is unknown. 24 Correlation between morphologic and functional parameters showed that CRT, INL, and ONL thickness in the 1 central mm are the parameters mostly correlated to BCVA and RS. In fact, an increase in CRT, INL, and ONL thickness values was inversely correlated to BCVA and RS values. These data confirm previously reported data by Deák et al. 25 These authors reported greater reduction in RS when giant retinal cysts are located in the ONL. 25 Therefore, increased retinal thickness/volume in the ONL (and / or presence of cysts in the ONL) may become an imaging prognostic biomarker of visual function in patients with DME. Moreover, fixation remained stable for the entire follow-up period, confirming that patients with DME have stable fixation and that SMPL treatment does not alter fixation stability.
The strength of the present study lies in its rigorous methodology in the evaluation of single retinal layer thickness. The main limit of this pilot study is the limited number of evaluated eyes/patients, even if a detailed approach to segmentation and evaluation of single retinal layers offers valuable data. Further study may validate and confirm these results.
In conclusion, the present study shows the effect of SMPL on single retinal layers in the macula, with improvement of both morphological and functional parameters over the 12-month follow-up period. Moreover, we report that INL and Henle's plus ONL thickness are majorly correlated to visual function data and that SMPL has the major effect in reducing retinal thickening in the INL. SMPL shows to be a safe treatment, not inducing any alteration on the outer retina, as demonstrated by SD-OCT and by FAF. 13 The exact mechanism of action remains to be further evaluated with experimental studies in human eyes.
